Assessment of the status of southern bluefin tuna (SBT) by Australia and Japan has used a method (ADAPT) that imposes a number of structural restrictions, and is similar to methods used for a number of stocks worldwide. A flexible method for assessment of the SBT population is presented that is much less restrictive and has potentially wide applicability. The three key features are: (1) all fitting to data is within the context of maximum likelihood, (2) catch-at-age data are not assumed to be without error (as in existing methods), but rather to be random variables, while age-specific selectivity is allowed to change over time within the bounds of specific structure, and (3) autocorrelation in recruitment processes is considered within the likelihood framework of the model. While the results suggest the stock has been depleted considerably from its virgin biomass, and are generally consistent with previous assessments, they also indicate that it is not as much below the biomass that will produce maximum suitable yield as previously estimated and that the extent of stock rebuilding necessary may not be as large as has been argued. The available data are shown to provide little information on the steepness parameter of the stock-recruitment function, and hence on sustainable catch levels for the stock.
Management actions and initiatives for bluefin tuna over the past decade have been the subject of considerable controversy. Debate has centred particularly on stocks of the north Atlantic Thunnus thynnus, especially in the western North Atlantic, and of the southern hemisphere (southern bluefin tuna [SBT] Thunnus maccoyii). In 1992, a proposal was made to list the western North Atlantic bluefin population on Appendix I of the Convention governing International Trade in Endangered species (CITES). The proposal was subsequently withdrawn, but had it succeeded, would have resulted in a cessation of international trade in catches from that population. More recently, the status and management of SBT has been at issue in the first case of its kind brought (by Australia and New Zealand against Japan) before the International Tribunal for the Law of the Sea (ITLOS) during 1999; this case centred on the implications of alternative interpretations of catch per unit effort (cpue) information for stock status and trends. There is no doubt that, for both these populations, the spawning stock declined appreciably over recent decades, with excessive catches certainly responsible to some extent. What is less clear is the magnitude of these declines, and also whether or not management action taken in the 1980s to reduce catches has led to, or provides prospects for, any meaningful recovery.
A particular problem in the assessment of these stocks arises because, at least until recently, direct ageing of bluefin tuna has not been possible. The catchat-age data used as input to age-structured assessment models have had to be derived from length distribution information by the rather crude method of cohort slicing, based on growth curves developed mainly from tag-recapture records. Because annual growth decreases with age, age distribution data cannot be determined with great accuracy at older ages. Accordingly, the ADAPT-VPA (Gavaris 1988 ) assessment models, which have been applied to SBT and North Atlantic bluefin tuna (e.g. Geromont and Butterworth 2001) , and which make the assumption of error-free catch-at-age data, have required the pooling of data for the older ages into a single plus-group at a relatively young age, thereby ignoring any information that these data may contain. This is unfortunate because the assessed size and recent trends in these plus groups dominate perceptions of the current health of these resources in terms of recent and prospective trends in spawning biomass, so any uncertainties in estimates for the plus-group have a marked impact on perceptions of overall resource status and prospects.
In this paper an age-structured assessment method, which does not require the assumption of error-free catch-at-age data, is applied to SBT. The particular aims are to determine whether such an approach can produce an improved assessment of the resource; how the results of this assessment compare to those of the ADAPT procedure previously applied, given the somewhat ad hoc constraints that that procedure has had to impose upon selectivity patterns for Ages 9 and above; and what extent of stock rebuilding is needed.
The paper presents a statistical approach that builds upon the analysis Hilborn and Butterworth (1996) tabled at the 1996 meeting of the Scientific Committee (SC) of the Commission for the Conservation of Southern Bluefin Tuna (CCSBT). The basic method is described in sections of the review article by Punt and Hilborn (1997) dealing with age-structured models. The essential novel features of these analyses in relation to previous assessments of SBT are:
1. Model calculations begin in 1951, close to the start of the fishery, so rendering assumptions that relate commencing numbers-at-age to pre-exploitation conditions (though nevertheless allowing for fluctuations about a deterministic equilibrium agestructure) rather more plausible than those for traditional approaches within the CCSBT SC, which commenced calculations in the 1960s after substantial catches had already been taken from the resource. 2. The analyses incorporate data on the age distribution of the spawning stock and extend the model to include ages up to 30 (which is treated as a "plus" group). Previous methods used by Japanese and Australian scientists in the CCSBT SC consider an Age 12+ group, and have frequently made some assumptions about the relationship between fishing mortality on Ages 11 and 12+. With recent direct ageing studies by Gunn et al. (1996) indicating that SBT can live to some 40 years of age, rather than the 20 years or so considered earlier, and hence that there are far more age-classes present in the 12+ component of the population than had previously been thought, assumptions that the relative selectivities for these two age-groups are closely related become much less plausible. To the contrary, a ratio quite different from 1, which changes markedly as the age distribution of the 12+ fish responds to variations in recruitment and fishing mortality, would be expected. 3. The analyses use a likelihood-based statistical catchat-age approach. This type of approach is common in many U.S., New Zealand and Australian fishing assessments. The application of the ADAPT approach (Gavaris 1988 ) is unique to SBT among the major fisheries in Australia. 4. The stock-recruitment relationship is estimated within the model-fitting process, rather than from model outputs, and takes serial correlation in residuals into account. This is a more consistent approach to estimating a key component of the process required for computing projections to aid management advice. 5. The analyses have been developed using AD Model Builder software, which allows for highly efficient and flexible estimation to evaluate the support that the data provide for alternative hypotheses about current abundance and depletion levels. 6. The statistical model allows the assumption that catch-at-age data are measured without error to be dropped. As indicated above, that assumption may be particularly open to question, given that the catch-at-age data are derived by the crude method of cohort slicing.
The basic approach underlying this analysis follows the concepts outlined in Fournier and Archibald (1982) and expanded on by Haist et al. (1993) and others (e.g. Fournier et al. 1998) . Specifically, the model presented below differs from traditional VPA because estimates of catch numbers-at-age are treated as observations with error (rather than assuming that they are known exactly). Additionally, the current model differs from CAGEAN (Catch AGE Analysis; Deriso et al. 1985) and other related approaches (e.g. stock synthesis ; Methot 1990 ) because of greater flexibility in the treatment of gear selectivity and the types of errors that can be modelled.
DATA Background
SBT are found exclusively in the southern hemisphere. Only one spawning ground has been identified, in an area between Java, Indonesia and north-west Australia, so the resource is considered to be a single stock. Juveniles migrate southwards along the west coast of Australia, and congregate in the coastal waters of the southern part of Australia, particularly from December to April, where they are subject to a local purse-seine fishery (Caton 1991) . As the fish age beyond some three years, their distribution starts to extend widely into not only the Indian but also the Atlantic and Pacific oceans. The Japanese longline fishery for SBT at first operated on the spawning grounds, but later shifted to concentrate in feeding areas in the 40-50°S band.
The history of the SBT fishery (see also Polacheck et al. 1999) is summarized by plots of the annual catch, by weight and number ( Fig. 1 catch by weight during the 1980s was followed by a Total Allowable Catch (TAC) limitation on the combined Australia-Japan-New Zealand catch from 1990. The catch made by countries other than these three (i.e. nations that were not members of the CCSBT at that time) has increased sharply over the past few years. Although Japan's has remained the largest share of the catch by mass, Australia's proportion of the catch by number was particularly high over the 1970s and 1980s, given the development of a local purseseine fishery that concentrated upon young (typically 1-4 year-old) tuna. The data used in the analyses that follow are as reported at the 1998 meeting of the CCSBT SC.
Fishery-related
Catch-at-age data from 1951 to 1997 for Ages 1-19, and a plus-group consisting of all fish of Age 20 and more were kindly provided by S. Tsuji and Y. Takeuchi (National Research Institute of Far Seas Fisheries, Japan). These are available separately for different components of the fishery. The analyses of this paper distinguish the Japanese longline fishery from the balance of other operations. The Japanese longliners have operated in a relatively consistent manner over time in the more southerly management Areas 3-9, as designated by the CCSBT (see Fig. 2 ). Areas 3-9 run from longitude 20°W through the eastern hemisphere to 170°W; their northern boundary is 35°S, except that this changes to 30°S east of Australia. The inclusion of Area 3 adds the Great Australian Bight to the overall region. Although formally these areas extend to Antarctica, fishing hardly extends farther south than 50°S.
The basis for the development of the catch-at-age matrices is detailed in Polacheck et al. (1997a) . Age distributions are derived from estimated annual length distributions of the catch by cohort-slicing, taking account of an increase in somatic growth over the period considered. The procedures by which pre-1965 length distributions were developed are not fully documented, so the associated estimates of age distributions are considered less reliable than those for later years. Attempts have been made when constructing these matrices to make allowance for catches by nations that were not members of the CCSBT, and for discarding.This process, together with a weight-at-length relationship, provides the weight-at-age matrix (Polacheck et al. 1997b ) used in these analyses to compute spawning biomass.
Cpue indices of abundance by age-group have been developed from longline operations for the period 1969 -1997 (see Polacheck et al. 1997b, Polacheck and Preece 1998) . The indices are standardized by GLM methods to provide indices of fish density on a 5°square basis. In integrating such density estimates over area, and averaging over months, so as to index overall abundance, assumptions are required to esti- (i) "Constant squares": the catch rate in those squares not fished in a particular month and year is set equal to the average rate in the squares that were fished in that year; (ii) "Variable squares": the catch rates in the squares not fished in a month and year are taken to be zero; and (iii) "Geostatistical": geostatistical methods (spatial models) are used to estimate the catch rates in the squares not fished. The "geostatistical" approach gives results intermediate between the other two, and the associated age-specific cpue series are used for the "Reference case" assessment following.
The particular age-groupings used in fitting the population model to these data (viz. 4, 5, 6-7, 8-11 and 12+) were selected by the CCSBT SC with a view to robustness to sampling and ageing error. Ideally, separate series for each age would be used, but the cohort-slicing method becomes increasingly inaccurate with age because the somatic growth rate slows. Cpue values for Age 4 for two recent years of the assessment (1995 and 1996) are excluded because of comparability concerns arising from the practice adopted of returning live tuna of < 25 kg to the sea during this period.
Auxiliary information
Line-transect aerial surveys of surface schools in the Great Australian Bight provide indices of abundance for juvenile SBT. For reasons discussed in Polacheck et al. (1997b) , the most reliable index available from these data is considered to be that for 3-year olds at the start of the year, from 1993 to 1998 (though the results for 1998 are not used for the assessments of this paper, which extend only to 1997). The associated biomass estimates and standard errors used are those for the entire Australian Bight, as reported in Table 6 .4 of Cowling and Millar (1998) . (More recently, however, various concerns have arisen about the comparability of these data over time, including the question of whether spotter efficiency has remained constant [Gunn et al. 2001] ). Gunn et al. (1996) report results for direct ageing of samples from the SBT spawning stock in 1994/95 and 1995/96. The analyses that follow fit to the average of the two distributions reported, because these were derived from the same age-length key based on readings of samples taken in both these spawning seasons.
Tagging experiments on young fish were conducted during the 1990s, with the number of animals tagged, and subsequent recoveries, summarized by age in Table 5 of Polacheck and Preece (1998) . Incorporation of these data into an assessment process requires assumptions to be made about the potentially very different rates of tag reporting for the different component fisheries, as discussed in Polacheck et al. (1997c Polacheck et al. ( , 1998 . The Reference case assessment conducted here is based on the intermediate Model 5 of that paper, using the reporting rates by age and year as given in Table 4 thereof.
THE MODEL

Overview
Because the details of the model presented below are rather complex, an introductory overview is provided to assist readers.
Standard age-structured dynamics are used to model the population. Recruitment is related to spawning biomass by a Beverton-Holt functional form, although the annual residuals about this relationship may be serially correlated. The particularly novel aspect of the approach is the manner in which fishing mortality-atage is modelled or, to be more specific, constrained. First, fishing mortality is separated into two components: a dominant and steadier component arising from Japanese longline operations, and a more variable balance that accounts for all the other fisheries combined. Then each of these fishing mortalities-at-age is itself separated into two multiplicative components: a year and an age effect, where the latter corresponds to selectivity-at-age and may change over time. The approach restricts the extent of the changes with time that both of these effects may show, and also constrains the selectivity effect to vary smoothly with age.
The parameters of the model are fitted by minimizing an objective function. This is developed within a likelihood framework, for which the best fit is provided by minimizing the negative log-likelihood (which resembles the standard sum-of-squared errors formulation in many ways). The particular advantages of using a likelihood framework are that it provides a basis for according statistically defensible relative weightings to the different sets of data incorporated in the fitting process, and also that it readily allows for confidence intervals for model parameters to be estimated. The approach here does not, however, stick strictly to the frequentist statistical paradigm, because penalty terms are added to the negative loglikelihood in a manner motivated by the way in
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which prior information and constraints on parameters (through "random effects" models) would be incorporated in a Bayesian estimation context.
Inputs to this negative log-likelihood function include the data specified above, such as cpue, catch-atage and tagging information. However, penalty terms are included to impose constraints on the magnitudes of changes to the year and age effects into which the fishing mortalities-at-age are separated. Because such changes are estimable parameters of the model, the fitting process can require minimization over more than 100 parameters, so a particularly efficient algorithm is required.
ADAPT corresponds to a special case of this much more general framework, and the equivalences are explained.
The results of the analyses to follow will be shown to be strongly dependent on a parameter of the stock-recruitment relationship termed steepness (h; Mace and Doonan 1988, Francis 1992) . Steepness is defined as the fraction of pristine recruitment expected when spawning biomass is reduced to 20% of its pristine (average pre-exploitation) level. For compensatory monotonically increasing relationships, such as the Beverton-Holt form, steepness must lie between 0.2 and 1. For a given natural mortality, the higher the value of steepness in this range, the larger the difference between recruitment and natural deaths when the population is reduced below its pristine level, and hence the larger the potential sustainable yield.
Population dynamics
The traditional assessment models used by Australian and Japanese scientists in the CCSBT SC have combined all fish of Age 12 and older, which precludes model fits to the Gunn et al. (1996) age data for spawners. Here a model is constructed that explicitly tracks individuals to Age 30 in an attempt to make use of these recent spawning age-distribution observations in the model-fitting process. The model equations are given below, but the essential differences between this model and the ADAPT models of Australian and Japanese scientists are the following:
• Calculations of numbers-at-age are made forwards from estimated recruitments rather than backwards from estimated terminal fishing mortalities (Fs).
• Over-dispersed multinomial sampling errors in the estimates of catch-at-age data are assumed, rather than assuming that these data are error-free.
• The age structure is maintained up to Age 30+, instead of 12+.
• Catch data commencing in 1951 when the fishery started, rather than 1969 as has been more customary in the CCSBT SC, are used, and all calculations begin in that earlier year. The initial 1951 numbers-at-age for ages up to 20 are estimated based on the extent to which the data provide information on deviations from deterministic equilibrium with respect to natural mortality, whereas those above Age 20 are taken to have their deterministic equilibrium levels. The deterministic equilibrium level is based on a Beverton-Holt stockrecruitment relationship (as customarily assumed by the CCSBT SC), the parameters of which are estimated in the overall fit to the data, as detailed below. Given that the deviations from equilibrium numbers-at-age in 1951 are permitted, the spawning biomass in 1951 may differ from the average preexploitation equilibrium level.
The model employed has a common population dynamics form. An explicit age-structured model is used with the standard catch equation as the underlying population model (e.g. Fournier and Archibald 1982 , Deriso et al. 1985 , Hilborn and Walters 1992 , Schnute and Richards 1995 . Predicted catch in numbers-at-age in year t (C t,a ) and total annual catch by weight (Y t ) are modelled as:
where T is the number of years of fishing (i.e. t = 1 corresponds to 1951 and t = T corresponds to 1997), A is the largest age considered (A = 30), which is treated as a plus-group, N t,a is the number of fish Age a at the start of year t, C t,a is the catch by number of Age a in year t, p t,a is the proportion of the total catch in year t that is of Age a, Ct,• is the total catch by number in year t, 336 African Journal of Marine Science 25 2003 
w t,a is the mean body weight (kg) of fish of Age a in year t, Yt,• is the total catch by weight in year t, F t,a is the instantaneous fishing mortality for Age a in year t, M a is the instantaneous natural mortality for Age a, and Z t,a is the instantaneous total mortality for Age a in year t.
The freedom of the parameters listed above is reduced by restricting the variation in the fishing mortality rates (F t,a ) by assuming that is the period length (years) over which the age effect of fishing is constant. The fishery is modelled as two "fleets": the Japanese longline fishery in Areas 3 -9 (f = 1) and the combination of all other operations (f = 2). The reason for this split is that the first of these fleets has operated in a relatively consistent manner over time, whereas the second, which includes the variable Australian surface fishery component, has shown marked changes. This can be taken into account in the formulation by specifying lower input (or "prior") variances -
The stochastic error terms, ε f t and γ f t,a are treated as free parameters subject to the constraints of their respective input variances: Deriso et al. 1985) . If the age effect of fishing in fact changes over time, then the separable model can mask important changes in fish abundance. In these analyses, constraints are imposed through the variance term (σ f H t ) 2 that allows selectivity to change only slowly over time -thus improving ability to estimate the γ f t,a s. The choice of the period b over which g is kept constant essentially involves a bias-variance trade-off: for b too small, the model is over-parameterized, the data having insufficient information content to estimate all selectivity-related parameters with reasonable precision. However, choosing b too large may not permit adequate flexibility for the model to represent possible real changes in the selectivity-at-age pattern over time. Furthermore, to provide smoothness in the age component, a curvature penalty (σ f H t ) 2 is placed on the age-specific coefficients using squared third-differences, i.e. the following term is added to the negative log-likelihood function for each fleet:
This prevents irregular shifts between adjacent ageclasses. The reason for the choice of third-differences is that the data indicate H to be dome-shaped with Age a for most years, so selecting either first-differences (which penalizes all but independence in a), or seconddifferences (which favours linear behaviour with a) would be inappropriate.
A simple random walk is selected for the time-series effect on both H f t,a . Gudmundsson (1994) first introduced time-series structure in catchability and selectivity for analyses of catch-at-age data. Given the likely low information content of the catch-at-age information at the larger ages, the age-effects for each fleet are taken to be constant for Ages 17 and above, i.e. γ f t,a = γ f t,17
for a ≥ 18. Here the choice has been made to model fishing mortalities primarily as functions of the estimates of total removals (in contrast to modelling the fishery catchability and effort explicitly). This is considered reasonable in this case because estimates of total catch numbers are typically more reliable than measures of effort. As described below, total catch by number represents an important component of the likelihood function in providing estimates of the annual fishing mortality components. Furthermore, G f t was modelled Tuna  2003 337
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as a set of random deviates from a mean rather than as a random walk. This is because management actions have led to quite sharp changes in average fishing mortalities at certain times in the fishery, unlike the smoother pattern of changes that the random walk model suggests. The associated variance of G f t is set quite high for the computations that follow, in contrast to the low variance input for annual catch number estimates, so the estimated ε f t values are effectively determined by their need to reflect the input numbers caught very closely.
Note that the term G f t represents the average rate of fishing mortality over all age-classes, because the H f t,a term has a mean value of 1.0 over all ages for any given year. This framework for modelling the age-dependence of the fishing mortality components is similar to the "F continuity" constraint used in past CCSBT SC assessments. In fact, Tsuji and Takeuchi (1997) used a second-differencing penalty directly on their estimates of Fs by age for each year. Additionally, this formulation can be readily adapted to model effective fishing effort through errors-in-variables, as presented elsewhere (e.g. Schnute 1994) .
Recruitment (R t ) represents numbers of Age-0 fish and is modelled as an AR(1) stochastic process about a Beverton-Holt stock-recruitment relationship (as customarily assumed by the CCSBT SC):
where ρ is the serial correlation in the recruitment residuals, ω t~ N(0, σ 2 R ), and τ t has mean 0 and variance σ 2 R . The recruitment residuals (τ t ) are estimated also for 20 years prior to the onset of fishing, so as to allow the 1951 population age distribution to differ from that for pre-exploitation equilibrium to the extent that the data suggest. Effectively, therefore, the analyses provide population trend estimates from an assumed deterministic equilibrium situation in 1931, rather than 1951. Equation 5 can be reparameterized with α and β replaced by the average pre-exploitation recruitment R 0 and the steepness parameter h. The exact relationship between these parameters is:
where B 0 sp is the pristine mature (spawning) biomass corresponding to recruitment R 0 (these two quantities being related in terms of the mass-, fecundity-and natural mortality-at-age schedules).
Mature (spawning) biomass for year t is defined as:
where choice of knife-edge age-at-maturity of a = 8 years reflects a standard Reference case choice for past assessments conducted in the CCSBT SC (though there is now some debate in that body as to whether a higher value might be more appropriate). As the information on w t,a in Polacheck et al. (1997b) goes no further than Age 20, the body weight of older fish has been assumed to be the same as those aged 20.
Parameter estimation
The likelihood components include data from the fishery catch-at-age composition estimates for each of the two "fleets" considered, the Japanese longline cpue for various age-groupings, the age distribution estimate for spawning biomass in 1994/95 and 1995/96, five years of aerial survey indices for the abundance of 3-yearold fish, and recent tag-recapture data. The objective function is simply the sum of the negative logarithms of the likelihood function components. The multinomial distribution is used to model the likelihood components for the age distribution data. Under this assumption, the log-likelihood function for the fishery catch-at-age data (in numbers) can be written:
where where n f is the effective annual sample size and O f t,a , Ĉ f t,a represent the observed and predicted numbers-atage in the catch of fleet f respectively. Effective sample size values are fixed at 60 for the longline fleet and 30 for the balance for the Reference case, because the former is considered to be better sampled. A similar term is used for the 1994/95-1995/96 age-distribution estimate of spawners, with an assumed effective sample size of 30. If every fish aged constituted an independent sample from the population concerned, actual sample sizes could be used. The need for effective sample sizes arises because the actual data are typically strongly correlated, because the samples are not independent and so carry much less information than is implied by assumptions of randomness. To compensate for this, effective sample sizes lower than actual sample sizes need to be used. It is, however, clear from the data in Gunn et al. (1996) that the younger fish in the spawning population (given the standard Reference case assumption of 8 years as the age-of-maturity) are under-represented in this sample from the Indonesian longline fishery. This interpretation of under-representation is implicit in recent CCSBT SC assessments, and so has also been adopted for these analyses. (It should, however, be noted that Gunn et al. [1996] also offer and discuss alternative interpretations, including that the Reference case assumption of 8 years as the age at first maturity is too low.) The predicted age distribution is therefore not taken to be identical to the average of the numbers-at-age at the start of the years concerned, i.e. 0.5 (N 1995,a + N 1996,a ), but rather to these numbers modified by a selectivity function (H a sp ):
where the logistic function parameters θ 1 and θ 2 are estimated in the overall model-fitting process. All series of abundance indices are treated as lognormally distributed about their expected values, i.e. having a negative log-likelihood which can be written where where φ c represents assumptions made about the variance of the abundance indices (with a separate value for each index type c) and X t c is the model prediction of the quantity that the index is assumed to reflect. Therefore, for the aerial survey, x t c = N t,3 the predicted number of 3-year-olds in the population at the start of year t. The specification of x t c for the longline cpue indices, which relate to fleet f = 1, is somewhat more complicated, even given that, for the Reference case, the general assumption of no time dependence in the catchability coefficients q t c is made (i.e. δ t = 0 or equivalently σ δ = 0). The reason is that the age-effect term for the fleet concerned (H 1 t,a ) does show some time-dependence, so some agespecific catchabilities are changing over time. To remove confounding in the cpue v. abundance relationship then, it is necessary to specify some reference age (or group of ages) for which the catchability is assumed to be time-invariant. Age 8 was chosen because this seems usually to be the age most highly selected by the Japanese longliners. Therefore, the quantity reflected by a cpue index for an age-group from Age a 1 to a 2 is defined as:
where the average taken of numbers-at-age N is to reflect that cpue provides an index of average abundance over the year.
Tag-recapture data have been incorporated in the manner suggested by Polacheck et al. (1997b) , contributing the following term to the negative log-likelihood:
where r t,a is the number of tag returns of Age a in year t that have been at liberty for more than one year.
If the tag-recapture process is governed by a Poisson distribution, the square-root transformation of Equation 12 should produce variables approximately normally distributed with a standard deviation σ tag = 0.5. In practice, some overdispersion would be expected, so σ tag was set to 2.0 for the Reference case.
The expected number of returns (r t,a ) of Age a recovered in year t is given by (Polacheck et al. 1997b ): where r * t-k,a-k is the number of returns of tags from fish of Age a-k in the same year (t-k) as they were released.
The Reference case computations of this paper use reporting rate model number 5 of Polacheck et al. (1998) for the values. This model is intermediate within the range of eight models for reporting rate which those authors consider.
The contribution of models for G, H and q to the negative log-likelihood function is:
where the sizes of the φs represent input assumptions about the variances of these random variables. For example, For readers unfamiliar with this approach, it is useful to consider what values some of these variance terms would be under "traditional" stock assessment models. For example, because VPA models assume that catchesat-age are known exactly, all error is typically absorbed by the year-age-specific fishing mortality rates. This implies that the variance terms (σ f H a ) 2 and (σ f H t ) 2 are effectively infinite in magnitude. In other age-structured models that make the separability assumption (described above) and have constant selectivity over time, these variance terms are effectively zero. The approach taken here provides some moderation between these extremes.
Finally, a penalty function for the steepness parameter h, essentially equivalent to a Bayesian prior for this quantity, is added to the negative log-likelihood. From inspection of such priors for four species groups given in Appendix III of Hilborn et al. (1998) , this penalty was chosen as the log of a normal distribution with mean of 0.85 and standard deviation of 0.25.
For all but one model presented below, more than 500 parameters were estimated. Most of these parameters are associated with year-to-year and age-specific deviations in selectivity (age-effect) coefficients. Schnute (1994) presents a broad discussion of this type of approach to modelling errors-in-variables. To estimate such a large number of parameters in a nonlinear model easily, automatic differentiation software extended from Greiwank and Corliss (1991) and developed into C++ class libraries was used. This software provided the derivative calculations needed for finding the likelihood mode via a quasi-Newton function minimization routine (e.g. Press et al. 1992) . The model implementation language (AD Model Builder) gave simple and rapid access to these routines and provided the ability to estimate the variancecovariance matrix for all dependent and independent parameters of interest. For key quantities of interest, e.g. current abundance, the software can also produce likelihood profiles and marginal posterior probability densities (using the MCMC algorithm; Gelman et al. 1995) , both of which avoid the assumption that the likelihood shape is quadratic (implied when the inverse Hessian estimates are used).
The number of parameters estimated for this model depend in large part on the parameter b, the value of which governs the frequency of change in selectivity over time. Initial runs with different values of b suggested that b = 4 gave results similar to the higher dimensional problem, while higher values seemed unduly restrictive. Years for which H changed were chosen such that the last four years of the analysis (1994) (1995) (1996) (1997) formed one such four-year block. Also, H was assumed invariant over the period 1951-1965 given the paucity of age data for those years. Other parameters estimated were: 1. the q values for each abundance index (furthermore, time-trend deviations (δ t ) would be included in any sensitivity tests that do not fix q to be constant); 2. the Beverton-Holt stock-recruitment function parameters h and R 0 (a reparameterization of α and β) -see Equation 5; 3. the recruitment in each year since 1951 and the residuals of the first 20 ages in the age distribution in 1951 relative to equilibrium; 4. the age-effect deviations γ f t,a for the two fleets considered; 5. the annual variation in fishing mortality in each
year reflected by ε f t for the two fleets considered; and 6. the logistic selectivity function parameters θ 1 and θ 2 used in fitting to the Gunn et al. (1996) spawner age-distribution data. 
The complete objective function upon which the estimation is based has the following component (negative log-) likelihood parts:
Strictly, the stock-recruitment relationship contribution to L 1 has the form indicated only in the case where serial correlation ρ = 0 (see Equation 5). When ρ is non-zero, the numerator indicated is replaced by (ω t ) 2 . Why take account of this relationship at all in the fitting? Reasons that apply generally are to facilitate estimation of otherwise poorly determined recent recruitment levels in the assessment, and to ensure self-consistency: some stock-recruitment relationship will be required to perform stock projections for manage-ment advice, so it is presumably best to use one whose estimation is consistent with the assessment itself. However, in the SBT case there is the further reason that, even after downweighting the contribution of the stock-recruitment relationship term through account being taken of the serial correlation of the residuals, this term remains one of the most influential in the likelihood when estimating the value of the steepness parameter h, and hence of the resource's productivity level.
Reference case specifications and ADAPT analogue
There are a number of choices to be made for input data and parameter values for a Reference case application of the method described above. Generally, the selections made have, where pertinent, attempted to choose near the centre of ranges of options that have been argued in the CCSBT SC.
1. Cpue series: geostatistical. 2. Natural mortality-at-age: vector "V6" of those considered by the 1998 CCSBT SC meeting (see Table I ). The multi-year tag-return data (Polacheck et al. 1997c ) do admit the possibility of estimating M a for Ages 1 and 2, but this has not been attempted in the fits of this paper because the standard errors for those estimates were relatively large, and the choices reflected in Table I Note that the final set of selectivies H 2 t,a for the other operations are treated as free parameters unrelated to earlier years because of change in regulations regarding the take of small fish over that period, so as to avoid, inter alia, artificially depressing estimates of recruitment for the past few years when these operations landed very few small fish. The σ f Ha values are kept smaller for the longline than for the other operations because the former have been less subject to change over time. They are also deliberately low (compared with what the data suggest) with a view towards keeping the age dependence in selectivity patterns reasonably smooth.
To obtain an ADAPT analogue to this Reference case, where this analogue assumes error-free catch-at-age data taken only to Age 12+, the following modifications are made to the specifications in item 7 above:
(a) (i) total catch numbers are taken to be exactσ c = 0. (b) (i) catch-at-age data by fleet -n d → ∞ for both f = 1 and f = 2, but the observed and predicted age compositions are aggregated for Ages 12+; (ii) age distribution on spawning ground -omitted (restriction to Ages ≤ 12 years precludes use of these data). (c) (i) no constraint on year-effect variation in Fσ f G → ∞ for f = 1,2; (ii) no constraint on age-effect variation in Fσ f Ht → ∞ for f = 1,2; and b = 1.
RESULTS AND DISCUSSION
As will become evident from the results that follow, the key parameter in assessing the productivity, and hence recovery prospects, of the SBT resource is the steepness h. In estimating h, an important consideration is the contribution made to the overall (negative log-) likelihood by the residuals about the stock recruitment relation of Equation 5, through Equation 14 for -ln L 1 . This in turn depends on the values input for the standard deviation (σ R ) and serial correlation (ρ) of these residuals; in both respects, larger values mean a less influential contribution to the likelihood. A value of σ R = 0.4 was selected, being perhaps a little on the low side of that typical for pelagic fish populations. Figure 3 shows the stock-recruitment residuals for a fit of the Reference case with ρ = 0 input, plotted against themselves with a lag of one year. High positive serial correlation is evident, with the estimates manifesting an "output" ρ of 0.77. For all following computations, ρ was fixed at the rounded value of 0.80. Results given in Tables II and III show "output" values of σ R and ρ (i.e. estimates implied by the residuals about the fitted model), which are consistently somewhat higher than these input choices of 0.4 and 0.8 respectively. Therefore, the contribution of the stock-recruitment residuals is still likely overweighted somewhat in fitting the model, though not to the extent that would have been the case were the serial correlation ignored by setting the "input" ρ to zero. Sensitivity analyses yielded similar results if earlier residuals (up to the mid-1960s) were ignored in such computations, and also showed little if any correlation remaining after the one-year-lag effect had been taken into account in terms of Equation 5. It should, however, be noted that apparent positive serial correlation will have been enhanced, to some extent, by the "smearing" associated with ageing errors: for example, inaccurate estimation of the ages of fish from an unusually strong cohort causes them to be incorrectly assigned to adjacent cohorts, so misleadingly suggesting that those cohorts are also somewhat stronger than normal. The results of the fit of the Reference case for these input values of σ R and ρ are shown in Figures 4-8 , with the associated parameter estimates, log-likelihood contributions and "output" variance estimates listed in Table III . The estimate of h for this Reference case is 0.67. Standard error estimates are based on the inverse of the Hessian, coupled where necessary to application of the delta approximation.
The stock-recruitment plot in Figure 4 suggests that the history of the resource has been marked by periods of below-expected recruitment prior to the commencement of the fishery, above-expected recruitment over the 1950s to the 1970s, and then recruitment somewhat below-expected levels again in the 1980s and early 1990s. The high output value for the ρ parameter in the model fit is a reflection of these periods of high and low recruitment, which might alternatively be described as "regime shifts", or as a manifestation of non-stationarity in population parameters (Sainsbury 1998) . The recruitment estimates for the last four years 1994 -1997 in these analyses should not be accorded high reliability because, apart from the stock-recruitment function, they are determined solely by a single datum: the aerial survey estimate for 3-year-olds in 1997. This last factor also means that the associated confidence intervals shown for recruitment for these years are negatively biased to some extent.
The Reference case fit in Figure 4 indicates a slight recovery in spawning biomass commencing in 1995. The Gunn et al. (1996) spawner age composition data appear reasonably fitted.
There are no obvious systematic deviations evident in the fits to the cpue, aerial survey and tag-recapture data shown in Figures 5 and 6 . The cpue fits, however, must be considered in the context of the greater flexi- bility of this approach (compared with those used previously in the CCSBT SC) to fit longline cpue trends. This arises particularly because the possibility of temporal changes in selectivity patterns is now admitted. The estimates of these changing selectivity patterns are shown in Figure 7 . Especially evident is the estimated steep decline in selectivity for tuna above about Age 10 for the longline gear as deployed in Areas 3-9. Because longline gear generally manifests enhanced selectivity for larger (older) fish, this decline is presumably a reflection in the main of an increasing tendency with age for the larger fish to be distributed in regions other than those normally fished, rather than primarily a gear effect. This adds weight to concerns about analyses that assume a fixed, time-invariant relationship between fishing mortalities on Ages 11 and 12+ in the fishery. The selectivity patterns for the "fishery balance" show much more marked changes over time than those for the longliners; this follows, in particular, from the need to accommodate the growth of the Australian purse-seine fishery on young fish that commenced in the late 1960s. An example of the fits to the catch-at-age data (for the Area 3 -9 longline catches in this instance) is shown in Figure 8 . These fits are generally good, except for some years in the early 1950s, when sampling for such information was sparse. Table II lists results for the fit of the Reference case when steepness h is not estimated, but rather fixed upon input. The trends in contributions from each term in the negative log-likelihood as h changes show how influential that information is in determining h and hence resource productivity; generally, a change of more than about 2 is required for a statistically meaningful effect. Figure 9 includes a plot of the contributions to -ln L across the full range h = 0.2-1.0 from all sources, but excluding the penalty associated with the steepness prior (-ln L 5 -see Equation 15). Though favouring lower values of steepness, these contributions nevertheless reflect a change in this net contribution of only 1.82 across the complete range for steepness.
Estimation of the steepness parameter h
While admitting that this approach, given the nature of some of the penalty functions included in the overall likelihood, cannot be rigorously defended as entirely within a pure frequentist paradigm, it remains notable that, within that paradigm, a change in -ln L as small as this would be interpreted as an inability (at the 5% significance level) to draw any inference about the value of h within its full range of 0.2 -1.0 from these data. This renders the incorporation of the steepness prior information (through the -ln L 5 term) all the more necessary in this instance. This contribution and the net overall negative log-likelihood as a function of h, are also plotted in Figure 9 . In spite of this non-significant result, it remains of interest to consider in which direction the various contributions to -ln L tend to "push" the estimate of h. From inspection of Table II , it is evident that the cpue data, tagging data and the stock-recruitment fit itself favour lower values of h, whereas both sets of commercial catch-at-age data, the Gunn et al. (1996) spawner age data and the aerial survey data favour higher values. These arguments, in turn, rest on the appropriateness of the selection of "input" variance values, which can be evaluated by contrasting the inputs with their corresponding "outputs" (root mean square error) values, or effective sample sizes in the cases of age-related information) in Tables II and III . In broad terms, agreement is good. Exceptions are the selectivity-atage curvature penalty, where there appears to be overweighting, and the commercial catch-at-age data, for which the reverse applies. (Note that the lower "output" values for σ G are not at issue here. As explained following Equation 4, "input" σ G values were deliberately set high so little constraint was imposed that might have mitigated against matching observed and predicted total catch numbers each year.) In defense of maintaining the original choices in these two instances, it is argued that sharp changes in selectivity with age do not seem realistic and so should remain somewhat heavily penalized (note also that the associated terms do not greatly influence the estimation of h); on the other hand, it would seem inappropriate to accord much greater weight to the commercial catchat-age data, given uncertainties about changing somatic growth rates over time and the (necessary) use of the crude method of cohort-slicing to obtain the data. Figures 10 and 11 show how estimates of spawning biomass and recruitment time-trends, and of the fitted stock-recruitment curve, change for different fixed values of h for the Reference case. A feature of these plots -evident also in many of the other examinations of sensitivity that follow -is that recruitment is better determined than spawning biomass. This is essentially a consequence of the backwards convergence property of VPA in situations other than when the impact of fishing on a cohort is relatively light. For the spawning biomass, relative trends are better determined than absolute values.
Sensitivity tests
A number of sensitivity tests to the Reference case specification have been conducted. The first of these ("Selectivity reference Age = 5") changes the choice of Age 8 (see Equation 10) to Age 5 for the age for which the Areas 3 -9 longline fishery selectivity is assumed to be time-invariant. The second ("Age-atmaturity = 12 years") changes the effective age at first spawning from 8 to 12 years, whereas the third ("Down-weight early data") down-weights the less reliable pre-1965 catch-at-age data. Then the Reference case is replicated for the alternative V2 and V9 specifications for natural mortality-at-age shown in Table I . These changes generally result in effects in the directions which would be expected, none of them substantial in size.
Alternative choices for the interpretation of cpue information do, however, make an important difference. Although results for the "constant squares" and "geostatistical" interpretations are near identical, those for "variable squares" are very different, showing higher historic recruitment levels and spawning biomasses that are considerably larger in absolute terms (see Figure 12 ). More important though is that the "variable squares" computations lead to a steepness estimate h = 0.2 (see Table III ), even given the addition of the steepness penalty function to the analysis. In other words, this interpretation of the cpue information points to the biologically implausible conclusion (in terms of the assessment paradigm pursued here) that the SBT resource cannot provide any sustainable yield.
Comparison with ADAPT assessments
First, the implications of imposing on the Reference case the constraint (implicit in ADAPT applications) of time-invariant longline selectivity are considered. Results do not change greatly -see Figure 13 and "Constant selectivity" results in Table III . However, the corresponding fit to the cpue data indicates a notable lack of fit for Ages 5 and 12+ (Fig. 14) . This contrasts with the relatively good fits in Figure 5 , indicating that only seemingly small changes in the selectivity pattern of the longliners over time (Fig. 7) are needed to reconcile these cpue data with the population model.
Two variants of the ADAPT analogue described ply summing over numbers-at-age for the pertinent age range. The estimated recruitment trends for these ADAPT analogues are quite similar to those for the Reference case, except that they manifest greater steadiness over recent years (see Fig. 15 ). However, the estimated spawning biomass trends are rather different, the ADAPT results suggesting that the decline in SBT spawning biomass has been arrested earlier, since about 1990. Nevertheless, the longline selectivity patterns implied by these ADAPT analogues (see Fig.  16 for the "ADAPT" case) show changes over time, which seem to manifest an unrealistic degree of variability, suggesting that the Reference case results are perhaps more reliable.
These differences point to the importance of separating out the ages in what the ADAPT assessments have treated as a plus-group. Unless this is done, no direct account can be taken of the information on the age distribution of the spawning stock. Ensuring consistency between this age information and that inferred for the fishery helps to estimate the shape of the longline selectivity function for larger ages, and demonstrates in the case of SBT that the older fish are much less available to current Japanese longline operations.
Estimates of MSY and MSYL
Given that this assessment procedure provides estimates of stock-recruitment function parameters, it can as well produce estimates of maximum sustainable yield (MSY) and the corresponding level for spawning biomass (B msy ), which can also be expressed as the MSY level (MSYL) when reported as a fraction of the estimated pristine equilibrium spawning biomass. MSY and MSYL depend, of course, on the pattern of fishing selectivity-at-age applied. For the results quoted here, the same selectivity-at-age vector has been used as is estimated (for the corresponding assessment) to apply to all the fisheries (longline and balance combined) for the final year (1997) considered in those assessments.
The results, with standard errors computed as described above, are shown in Table IV , which includes comparisons of the estimated most recent (1997) and 1980 spawning biomass levels to B msy . Table IV gives results for the Reference case and for various fixed values of steepness parameter h, and Figure 17 shows plots of the resultant sustainable yield curves as a function of fishing mortality and of spawning biomass for some of these cases, including the "best" estimate of h = 0.67 provided by maximizing the likelihood. What is very clear from the Table and Figure is the strong dependence of sustainable yield (and hence MSY) estimates on the value for h. The higher the h, the larger the yields, and hence the better the recovery prospects for the resource. 
Management implications
The present CCSBT strategy for the SBT resource is to effect recovery to the 1980 spawning biomass level by 2020. Choice of the 1980 level as target has its origin in an informal meeting of Australian, Japanese and New Zealand scientists in 1982. At that time, VPAs suggested that SBT recruitment levels had been near maintained, despite an estimated (catch-induced) reduction of the spawning biomass in 1980 to about one-third of its 1960 level. Given large catches of young tuna, particularly by Australia, during the 1970s, a further reduction in spawning biomass was projected, and it was recommended by the scientists at that 1982 meeting as desirable to attempt to recover the resource to the 1980 spawning biomass level. This was to guard against the possibility of "recruitment overfishing" (reduced recruitment at low spawning biomass). Table IV are nearly all above 1, some considerably so. This suggests that a recovery target set as the 1980 spawning biomass level may be unnecessarily high, so a review of this choice by the CCSBT might be merited.
The estimates of the most recent (1997) spawning biomass expressed as a fraction of B msy are effectively all below 1, confirming the interpretation of the SBT resource as below its MSYL, so harvest levels are desirably set to achieve resource rebuilding. However, the point estimates of B 1997 /B msy are generally above 0.5 (indeed for the reference age for constant selectivity for the longline cpue set to 5 -case "Selectivity reference Age = 5" -the estimate is as high as 0.87). This suggests that, although this most recent status of the resource does reflect depletion below its MSYL, the extent of this is certainly not catastrophic. Comparison of recent catches with the sustainable yield levels suggested by the plots in Figure 17 indicates that rebuilding to MSYL should be achievable without major disruption of the fishery. This last statement is, of course, conditional on the "geostatistical" cpue interpretation upon which most of the results in Table IV are based. Use of the "constant squares" interpretation instead would make little difference, but the "variable squares" interpretation, with its best estimate of h of 0.2, suggests otherwise, with rebuilding impossible in the absence of any sustainable yield capability for the resource. Both the biological lack of reality of such a conclusion, and the clear intent of the "variable squares" interpretation of the cpue data to provide a lower bound rather than a realistic scenario, argue against giving this "variable squares" result, of itself, undue import. However, the
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African Journal of Marine Science 25 2003 "constant squares", and possibly also the "geostatistical", interpretations of the cpue data (and consequently the associated sustainable yield estimates) may be over-optimistic, so it would seem important to attempt to refine perceptions of where a more realistic lower bound might lie between the "constant squares" and "variable squares" extremes, to facilitate prudent management of the SBT resource. 
CONCLUSIONS
The historic SBT recruitment and spawning biomass trends estimated in this analysis are not qualitatively different from those developed in the CCSBT SC, but they are suggestive of somewhat larger spawning biomasses in absolute terms. However, the key parameter value required to pro-vide reliable estimates of sustainable yields and recovery prospects for the resource is that for stockrecruitment steepness, h. For the "geostatistical" and "constant squares" interpretations of the cpue data, at least, the totality of the data available for assessment purposes contains very little information on the value of h, and it therefore seems desirable to add information to the estimation process in the form of a penalty function for the value for h, which is based on esti- a downward trend without a general and sustained subsequent upturn, assessment methods are unable to distinguish what the relative contributions of standing stock reduction and surplus production have been to historic catches, and are hence unable to estimate sustainable yield levels precisely. The present practice within the CCSBT SC of estimating the parameters of the stock-recruitment function external to the assessment process, rather than internally as in this analysis, merits review. In particular, the estimation needs to make due allowance for the high serial correlation evident in the residuals about the estimated stock-recruitment function, so that this information is not given undue weight when estimating h (in particular). This, together with the notably different spawning biomass trends that result from the ADAPT analogue implementations of this approach (that ignore the possibility of errors in the catch-at-age data and considerations of likely smoothness in the longline selectivity pattern over time) are key results of this work, which have likely wider pertinence than to the assessment of the SBT resource alone.
Of a number of sensitivities investigated, clearly the one to which results are the most sensitive is the difference between the "geostatistical" (and "constant squares") interpretations of the cpue information and that of "variable squares". The extreme "variable squares" interpretation, particularly given its associated point estimate of zero sustainable yield, does not seem plausible. However, prudent management would seem to require attempts to refine perceptions of where a more realistic lower bound might lie between the "constant squares" and "variable squares" extremes, so as (in turn) to provide lower bounds for sustainable yield estimates.
The assessment method applied in this paper indicates that, viewed in terms of point estimates of the biomass level yielding MSY (B msy ), and under the "geostatistical" (and "constant squares") cpue interpretations, the SBT resource is certainly below B msy , but not catastrophically so. The target recovery level for the spawning biomass (the 1980 level) currently adopted by the CCSBT appears to be above B msy , and hence merits review. Nevertheless, a number of the observed (e.g. plus-group cpue) and inferred (e.g. recruitment) indices of stock status are at or close to all time lows, pointing again to the need for prudent management at this time.
It is emphasized, however, that no claim is intended that the method developed in this paper is necessarily the only or the best possible for application in assessing SBT. Certainly, the results of this work need to be contrasted with those of other possible approaches, and the defensibilities of their differing assumptions. Nevertheless, these analyses are seen as having made important advances on the assessment method employed in the CCSBT SC in the past, and hence it is considered that they merit consideration in future management debates concerning the resource. An obvious extension of this approach is to apply it directly to length-based data, together with models of annual somatic growth and its variability. This would avoid the intermediate and somewhat unsatisfactory approach of using cohort slicing to convert primary observations in terms of lengths into ages. An initial application of such an approach to SBT is reported in Kolody and Polacheck (2001a, b) .
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African of stock-recruitment steepness parameter (h) for the Reference case. The selectivity pattern for the whole fishery, as estimated to have applied in 1997, is assumed to apply for these computations
